Abstract This study evaluated the effects of climate change on sugarcane yield, water use efficiency, and irrigation needs in southern Brazil, based on downscaled outputs of two general circulation models (PRECIS and CSIRO) and a sugarcane growth model. For three harvest cycles every year, the DSSAT/CANEGRO model was used to simulate the baseline and four future climate scenarios for stalk yield for the 2050s. The model was calibrated for the main cultivar currently grown in Brazil based on five field experiments under several soil and climate conditions. The sensitivity of simulated stalk fresh mass (SFM) to air temperature, CO 2 concentration [CO 2 ] and rainfall was also analyzed. Simulated SFM responses to [CO 2 ], air temperature and rainfall variations were consistent with the literature. There were increases in simulated SFM and water usage efficiency (WUE) for all scenarios. On average, for the current sugarcane area in the State of São Paulo, SFM would increase 24 % and WUE 34 % for rainfed sugarcane. The WUE rise is relevant because of the current concern about water supply in southern Brazil. Considering the current technological improvement rate, projected yields for 2050 ranged from 96 to 129 tha −1 , which are respectively 15 and 59 % higher than the current state average yield.
for photosynthesis in DSSAT/CANEGRO (version 4.5.0.047) calculates daily increments of total biomass using a radiation use efficiency approach (Singels and Bezuidenhout 2002) and a CO 2 concentration [CO 2 ] fertilization effect algorithm (A. Singels and M. Jones, South African Sugarcane Research Institute, personal communication, 2011) which together account for the photosynthesis (P G ) and hence yield (Eq. 1):
where PAR is photosynthetically-active solar radiation (MJ m −2
), RUE is radiation use efficiency (g.M J −1
) and Fi is fractional interception of PAR. The standard P G at a [CO 2 ] of 330 ppm is adjusted using an adjustment factor (R PG ) that depends on [CO 2 ]. Rather than defining this relationship mathematically, DSSAT provides a mechanism for interpolating R GP from a set of coordinate pairs (G. Hoogenboom, Washington State University, personal communication, 2011) . Each of these data points are defined in the species file. The function for maize (taken from the 2011 DSSAT version 4.5.0.047 source code) was used for sugarcane.
Besides the effect on photosynthesis DSSAT/CANEGRO also simulates the impact of [CO 2 ] on stomatal resistance and transpiration (Long et al. 2004 ) following the method proposed by Allen et al. (1985) . Although derived for sweet corn, the method compared well with sugarcane stomatal diffusion resistances measured under ambient atmospheric [CO 2 ] by Venkataramana et al. (1986) , Grantz and Meinzer (1990) , Souza et al. (2008) , and Vu and Allen (2009) .
DSSAT uses an adjustment factor for potential transpiration. This factor is derived from the theoretical ratio of grass reference evapotranspiration calculated using the PenmanMonteith equation with canopy resistance calculated for the relevant [CO 2 ] to that calculated using the reference[CO 2 ] of 330 μmol mol . This, in turn, was derived from the fact that C4 plants have a CO 2 concentrating mechanism in the leaf mesophyll cells which binds CO 2 and transports it as a four-carbon molecule to vascular bundle sheath cells for decarboxilation (Allen et al. 1985) .
Model calibration
Crop simulations were based on the cultivar RB86-7515, which occupied 28 % of the sugarcane area in Brazil during the 2010/2011 season. Calibration of the model to this cultivar was done using the field data obtained in five locations around Brazil under distinct soil and climate conditions (Table 1) .
Field data mainly consisted of stalk fresh mass (SFM), number of green leaves, tiller population and leaf area index (LAI). The calibration was made by eye-fitting while minimizing the RMSE for SFM and LAI. Statistical results for SFM were RMSE09.2 t ha −1 , R 2 00.97 and for LAI they were RMSE01.02 tha −1 and R 2 00.36. All experiments received adequate N, P and K fertilization and regular weed control and were planted using healthy cuttings with 13 to 15 buds m −2 . Row spacing varied from 1.4 to 1.5 m. One of the datasets had three irrigation levels: irrigated, partial irrigation (20 % of ETo) and rainfed, while all the remaining data were from rainfed conditions.
Crop model settings for simulating climate change scenarios
All simulations were done for rainfed cropping conditions, as irrigation is not generally used for sugarcane in the region. This simulates a typical southern Brazil ratoon crop, with a 12-month Santos (2008) . 4 Tasso (2007) cycle, in which the harvest of a previous crop also initiates the new growth period. We assumed that 28 % of total ratoon area was planted on May 15th (early season); 44 % on August 15th (medium season); and 28 % on November 15th (late season), representing the three main cycles of ratoon crops. Harvest season usually goes from May to November.
The baseline dataset had 79 weather stations distributed over the State of São Paulo and portions of neighboring States. These locations were selected to have at least 8 years of continuous daily weather measurements within the 15 growing seasons period 1992-2007.
For 75 stations, daily solar radiation values were estimated using the Bristow and Campbell (1984) method previously calibrated using A00.7812, B00.00515, and C02.2 as model parameters. A previous evaluation using 2,245 daily data from four weather stations in the State of São Paulo showed the model underestimating observed daily solar radiation by 1 % (R 2 00.64). The soils of the State of São Paulo were grouped into the three major classes (Oliveira et al. 1999 ) ( Table 2 ). The soil depth was set in order to represent the root depth in commercial ratoon fields based on Korndörfer et al. (1989) , Barbieri et al. (1997) , and Alvarez et al. (2000a, b) . The soils input data of the locations of neighboring States were assessed through soil maps provided by the Radambrasil Project (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) . We follow the procedures described in Marin et al. (2011) to create soil data files in the DSSAT format.
Model sensitivity to air temperature, CO 2 concentration and rainfall
The DSSAT/CANEGRO model sensitivities to weather variables-CO 2 , rainfall and air temperature-were evaluated. The following scenarios were simulated for air temperature: −3°C, +3°C, +6°C and 9°C; for rainfall: −30 and +30 %.; and (CO 2 ) levels of 350, 450, 550, 650, 750, and 850 ppm. Piracicaba (mean annual temperature 21.6°C and annual rainfall of 1,230 mm) and Ilha Solteira (mean annual temperature 25.6°C and annual rainfall of 1,156 mm), where observed rainfall, solar radiation and air temperature from 1992 to 2007 were chosen as representative of different regions of the State of São Paulo. The sensitivities were studied by simulating environmental modifications for 15 years and analyzing mean and standard deviation responses.
Climate change scenarios and datasets
One of the climate scenarios utilized here (PRECIS) was downscaled with the HadRM3P Regional Climate Model from the UK Met Office for present day and future (2010-2100) conditions using experiments conducted with horizontal resolution of 50 km as described by Marengo et al. (2009) and Alves and Marengo (2010) .
To increase the range of future projections this study also applies additional daily outputs of another global circulation model, namely CSIRO (Gordon et al. 2002) , also for both the A2 and B2 scenarios. The results presented have been interpolated to a 0.5×0.5 degree grid by applying OACRES (Objective Analysis using the Cressman scheme (Cressman 1959) following the approach used by Justino et al. (2011) .
The future projections used herein are commonly referred to as A2 (economic-regional) and B2 (environmental-regional). [CO 2 ] was fixed at 720 ppm for the A2 scenario and at 500 ppm for the B2 (Arnell 2004) . These values were close to conditions under which sugarcane has been tested for CO 2 effects (Vu and Allen 2009; Souza et al. 2008) . The baseline was simulated using [CO 2 ]0380 ppm.
The delta method (Gleick 1986) was used to create four additional climate scenarios in addition to the baseline, for each of 79 sites throughout the State of São Paulo. This was achieved through a weather station specific change-factor for monthly maximum and minimum temperature and rainfall, which was applied to the historical baseline to change the daily observed values. The data of each scenario were spatially organized and the maps were generated by kriging interpolation for the sugarcane grown area in the State of São Paulo during the 2007-2008 growing season.
3 Results and discussion 3.1 Model sensitivity to air temperature, rainfall and CO 2
The stalk fresh mass (SFM) responded positively to an increase in air temperature (Fig. 1a) for Piracicaba up to +6°C (11 % higher than the baseline), decreasing thereafter. For Ilha Solteira, the SFM response was flatter (3 % higher than the baseline at +3°C), and negative (5 % lower than the baseline) for an increase of +9°C.
Rates of photosynthesis, respiration, expansive growth and evapotranspiration are influenced by air temperature in the DSSAT/CANEGRO. Increased temperatures caused large increase in potential evapotranspiration (7.8 and 10.5 % increase at Piracicaba and Ilha Solteira respectively for +3°C rise) and accelerated canopy development (80 % canopy cover reached 15 days sooner for +3°C at both sites. This led to an increase in canopy photosynthesis and actual crop evapotranspiration 6.6 and 6.1 % at Piracicaba and Ilha Solteira for +3°C due to increased interception of radiation. The increased evapotranspiration led to an increase in severity of water stress. In the DSSAT/CANEGRO model water stress is quantified using a soil water deficit factor (SWDF1, see Singels et al. 2008 ) that ranges from 1 (no stress) to zero (fully stressed). For Piracicaba, the average SWDF1 value increased by 6.7 and 26.7 % for the +3°C and +6°C scenarios. For Ilha Solteira, the corresponding responses were 3.7 and 11.1 % respectively. The reason for the lower response at Ilha Solteira compared to Piracicaba, is because the water stress levels of the baseline scenario are much higher at Ilha Solteira than at Piracicaba during the rainy season. Both locations have a dry period during the winter, but it is notably drier in Ilha Solteira than Piracicaba.
The response of stalk fresh mass (SFM) to [CO 2 ] observed in Fig. 1b is a consequence of elevated [CO 2 ] effects on transpiration and photosynthesis rate in DSSAT/CANEGRO. The effect on transpiration response is due to the mechanism leading C4 plants to partially close their stomata and increase stomatal resistance and leaf transpiration under elevated [CO 2 ]. The lower stomatal conductance reduces sap flow and increases xylem potential, leading to an improved plant water status (Owensby et al. 1997) . The responses of different C4 species vary, but a survey from Drake et al. (1997) for 41 observations covering 28 species suggests an average decrease in stomatal conductance of nearly 20 %. Yet, because of these anatomical and physiological characteristics, C4 plants are assumed to respond to higher [CO 2 ] by closing their stomata to a greater extent than C3 plants as [CO 2 ] is increased (Tolbert and Zelitch 1983) .
Data in Fig. 1b shows a direct relationship between SFM and [CO 2 ] for Piracicaba and Ilha Solteira, despite the climate differences for the sites. The lower yield for Ilha Solteira is because of the drier climate and higher water deficits compared to Piracicaba. Interestingly, under high [CO 2 ] in both locations there was a decrease in the variability of SFM, as shown by the errors bars in Fig. 1 .
In the model, increased [CO 2 ] caused a large reduction in crop transpiration (−11.0 and −10.5 % for Piracicaba and Ilha Solteira respectively at 750 ppm) and hence evapotranspiration (−9.1 and −8.9 % at 750 ppm). This caused a large reduction in water stress severity (−46.7 and −22.2 % at 750 ppm), resulting in increases in SFM of 10.4 and 10.8 % at 750 ppm at Piracicaba and Ilha Solteira respectively. For both locations, SFM showed a positive response to rainfall increase (+7.4 and 6.4 % at Piracicaba and Ilha Solteira respectively). The rainfall range of 60 % led to increases in SFM of 21.2 and 18.2 % at Piracicaba and Ilha Solteira respectively (Fig. 1c) , and the temporal yield variability was reduced as rainfall was increased at Ilha Solteira, as indicated by the CV% reduction from 24.5 to 18.7 %.
Climate change impacts on sugarcane production

Stalk fresh mass
There were no sugarcane yield losses in southern Brazil for none of the climate projections analyzed, with gains ranging from 1 % for PRECIS B2-Late cycle to 54 % PRECIS A2-early cycle (Table 3) . Major yield gains were observed for the early cycle, followed by the gains for medium and late cycle respectively for all climate projections. This confirmed to expectations, since early harvested areas usually have higher yield than medium or late ones. For the most commonly used cultivar in southern Brazil, sucrose concentration follows a distinct trend, as medium cycles crops show higher sucrose concentration than early and late cycles. Assuming the same tendency, we would expect an important increase in sucrose production mainly for the medium cycles. Simulating climate change impacts for irrigated sugarcane production in Swaziland, Knox et al. (2010) found a decreasing trend for future projections for SFM unless irrigation was included in the simulations. Weighted averages for SFM were 22 % higher than the baseline (Table 3) . Simulations using CSIRO climate projections resulted in averaged an increase of 15 % compared to baseline, while PRECIS climate projections resulted in an SFM increase of 29 %. Interestingly, CSIRO projected rainfall increasing by about 70 %, mainly during the dry period of year, and very little changes in temperatures for A2 and B2 scenarios. PRECIS projection, on the other hand, represents an increase in temperature around 2°C and reduction of rainfall by 25 %. CSIRO projections also include a slight decrease in solar radiation while in the PRECIS scenarios solar radiation increased. These distinct climate projections are reflected in the sugarcane yield, because the pathways to the yield outcomes were different for each climate projection. For the CSIRO, the yield increase occurred mostly because of the higher rainfall. The PRECIS model, in turn, produced higher yields because of the positive effects of higher temperature, in addition to the elevated [CO 2 ].
In general, for the range of the climate projections analyzed here we could conclude that the benefit of increasing temperature and [CO 2 ] overrides the disadvantage of reducing rainfall (as projected by PRECIS) for sugarcane crops in southern Brazil. Based on this, we could infer the sugarcane may also be limited by CO 2 , temperature and solar radiation, besides rainfall.
Besides the increase of SFM, future climate projections would also decrease the SFM temporal variability (Fig. 2) for the three harvest dates, which would correspond to a reduction in the production risks for sugarcane, mainly for the PRECIS projections in early and medium cycles (Fig. 2a, b) . The lower probability of low yields in future climates represents a major favorable impact for Brazil as whole. Recently, oscillations in sugarcane yield due to weather and management have had large social and economic impacts.
Maps of SFM variation (Fig. 3) shows the major SFM increases for the central-north region of the State of São Paulo, which exhibits soils with high water-holding capacity, adequate temperatures, and high amounts of rainfall and solar radiation. Under a temperature-increase scenario, the southern State of São Paulo may become more appropriate for sugarcane production in the future. On the other hand, it is reasonable to argue that western and northwestern regions of São Paulo would be the areas most favorably affected by climate change (Fig. 3 ), due to current water and temperature stresses on the sugarcane, which should be alleviated by the effect of CO 2 fertilization on the sugarcane photosynthesis and yield.
Despite the simulations uncertainties (see Uncertainties and limitations), assuming the same technological improvement rate regarding crop management and genetic breeding as has occurred in the last 20 years (+0.67 % SFM gain per year) we can expect SFM yields for 2050 ranging from 96 to 129 tha −1 , considering the best (HasCM3 A2) and the worst 
Water use efficiency
The decrease in stomatal conductance under elevated [CO 2 ] has been extensively reported as leading to a reduction in the transpiration rates (Long et al. 2004; Ainsworth and Rogers 2007) . By assuming that these modifications in stomatal conductance and transpiration do not limit the photosynthesis rates under elevated [CO 2 ] (Nosberger et al. 2000) , it seems reasonable to accept that water used efficiency (WUE -defined as dry biomass produced per unit of transpiration) would be increased under elevated [CO 2 ] conditions. The WUE simulations resulted in increased WUE by 34 % on average (Table 3) . The simulations for PRECIS A2-early and medium cycles resulted in an increases of 58 % for WUE. The larger WUE gains found in these simulations compared well with those observed by Souza et al. (2008) and Vu and Allen (2009) for well watered and fertilized potted plants, when WUE increased nearly 50 %.
The likely WUE gain under higher [CO 2 ] is also an important issue because the current concern about water supply in the State of São Paulo. Based on these future climate scenarios, irrigation would not become a requirement for sugarcane production in the State of São Paulo. Furthermore, as growers usually apply vinasse on sugarcane fields to relieve water stress during the winter and spring (Orlando et al. 1995) , higher yield could be achieved using the same amount of vinasse in the future. In well-managed irrigation systems, this might represent an environmental benefit, since more vinasse may be used in sugarcane fields, reducing environmental problems associated with inadequate vinasse handling and storage, improving the soil quality and increasing the mitigation of CO 2 emissions.
Uncertainties and limitations
Inevitably, the approach developed in this study which has linked climate scenarios and crop modeling has limitations. This study does not take into account the possibility of future change in daily rainfall distribution within the seasons, or changes in the frequency of extreme events such as droughts, heat waves or cloudiness, which could substantially change the results discussed here.
As we used multiple GCMs to help address uncertainty, the same approach could be extended by using multiple crop models. There has been a call for such an approach in studies on climate change impacts on agriculture (Rotter et al. 2011; Rosenzweig et al. 2012) to further address uncertainties.
DSSAT/CANEGRO crop model implementation embodies a number of simplifications such as ignoring the impacts of weeds, diseases, and insect pests on crop. Simulations also did not consider problems with soil conditions, e.g. salinity or acidity, fertility and management. The selection of three soils for the simulation and the cultivar calibration used were also sources of uncertainty. The model response to CO 2 in the DSSAT version used seems too strong in terms of water savings.
Concluding remarks
Across all evaluated climate projections, simulations suggested the increase of SFM and the reduction of the yield variability for rainfed sugarcane in the State of São Paulo, Brazil. Simulations also suggested an increase for WUE rise, which is relevant because of the current concerns on water supply in southern Brazil. The WUE increase due to higher [CO 2 ] seems to be the main cause for the positive simulated yield response. Projected yields for 2050 ranged from 96 to 129 tha −1 based on the current technological improvement rate.
